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A B S T R A C T
Health technology assessments (HTAs) are often diﬃcult to conduct because of the decisive procedures of the
HTA algorithm, which are often complex and not easy to apply. Thus, their use is not always convenient or
possible for the assessment of technical requests requiring a multidisciplinary approach.
This paper aims to address this issue through a multi-criteria analysis focusing on the analytic hierarchy
process (AHP). This methodology allows the decision maker to analyse and evaluate diﬀerent alternatives and
monitor their impact on diﬀerent actors during the decision-making process. However, the multi-criteria analysis
is implemented through a simulation model to overcome the limitations of the AHP methodology. Simulations
help decision-makers to make an appropriate decision and avoid unnecessary and costly attempts. Finally, a
decision problem regarding the evaluation of two health technologies, namely, the evaluation of two biological
prostheses for incisional infected hernias, will be analysed to assess the eﬀectiveness of the model.
1. Introduction
Health technology assessment (HTA) is a multi-disciplinary eva-
luation process that allows the analysis and assessment of health
technologies by considering the direct or indirect medical-clinical, or-
ganizational, economic, social, legal and ethical implications in the
short and long term using the same technologies [4,16,17,19,35].
Through this methodology, each alternative is assigned a weight based
on the opinion provided by a decision-maker, and then, weight vectors
are placed in a ﬁnal vector that will determine the priority of each
alternative. Key application areas in the literature include personal [51]
social [34] and industrial criterion [21]; management; manufacturing;
engineering [54,55]; education; government [33] planning, selecting a
best alternative; and resource allocation [37,45,47,57,60].
Among the various applications of the HTA, this paper takes ad-
vantage of the analytic hierarchy process (AHP) technique and focuses
on a speciﬁc application of this methodology to a dynamic system in
clinical.
However, the AHP uses a hierarchical structure in which linear
dependencies between items of diﬀerent decision-making levels are one
way down the hierarchy and there are no dependencies between ele-
ments of the same cluster of items belonging to diﬀerent clusters. For
this reason, it cannot be considered suitable for the modelling of
complex problems, which are characterized by dependencies, interac-
tions and feedback and especially by the dynamic nature of the decision
taken [58]. With these premises, in this paper the AHP and HTA
methodologies have been implemented through a dynamic simulation
model and overcome the main limitations of the single methodologies.
After this introduction, Section 2 reports an overview of AHP and
HTA-related works. Section 3 discusses the materials and methods of
this research. In Section 4, the results of the implemented methodology
are presented. Finally, Section 5 reports conclusions, implications and
limitations of this paper.
2. Related work
The bibliographic review of multiple criteria decision-making
(MCDM) tools realized by Steuer ([50]) provides an important overview
of the decision-making topic. The main research papers on this topic
identiﬁed by this bibliographic review have been conﬁrmed and
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updated adopting the well-known systematic literature review ap-
proach deﬁned by Centobelli et al. [6,7]. The AHP is a multi-criteria
decision analysis methodology that was developed in the 1970s by
Thomas L. Saaty. AHP evaluates a set of alternatives and creates a ﬁnal
problem by splitting decision making into many sub-problems that are
equal and can be solved by summarizing sub-problems in which results
of the initial problem are evaluated [48,59].
Among MCDM techniques, the AHP still suﬀers from some theore-
tical disputes. One major criticism is that the assumption of in-
dependence among the criteria can be considered a limitation of the
AHP in certain cases. In fact, one of the main aspects of the AHP is the
assumption of independence between the various levels of the hier-
archical structure in terms of both the criteria and sub-criteria [46].
An initial solution to this critique was oﬀered by Saaty, introducing
the analytic process network (ANP), a generalization of the AHP with
feedback to adjust the weights. However, the decision-maker must
answer a considerable number of questions, which can be complex and
aﬀect the linear hierarchical structure typical of the AHP. For this
purpose, a simpliﬁed version of the ANP would be useful for the sim-
pliﬁed wider adoption of the method.
Another criticism of the AHP is the inherent static nature of the
decision, which means that the method is ineﬀective in case of the
future perpetration of a medium/long-term decision.
The literature review demonstrates that the AHP was initially used
alone and that with the increase in researchers’ conﬁdence, it is now
beginning to be applied in combination with other mathematical
techniques or modiﬁed versions.
In 2014, Chen et al. [61] presented a novel framework for the
evaluation of teaching performance based on a combination of fuzzy-
AHP and fuzzy comprehensive evaluation methods. Speciﬁcally, a
teaching performance index system was established. Then, the weights
of factors and sub-factors in the index system were estimated using the
fuzzy-AHP method [61].
Nazam et al. [62] proposed a fuzzy risk-oriented evaluation model
applied to a practical case of the textile manufacturing industry [62].
Speciﬁcally, the model is a combined fuzzy-AHP methodology used to
calculate the weight of each risk criterion and sub-criterion. It also
proposed a technique to group performances by similarity [5,62]. In the
same year, Tyagi et al. proposed an improved fuzzy analytical hierarchy
process approach to investigate the inﬂuence of eﬀective utilization of
socialization, externalization, combination and internalization modes
within any product development phase [63].
Recently, MCDM tools like AHP and other mathematical algorithms
and models have been also applied to assess the impact and the eﬃcacy
of treatments, therapies [23,42] and screening procedures [41]. Among
the MCDM approaches that have been applied to the healthcare from
1990 to 2012, the AHP is the most used technique [1]. MCDM analysis
methods have been also used for shared decision making between pa-
tients and doctors in the evaluation and selection of therapies, treat-
ments, and health care technologies [53]. These techniques were said to
identify and include the personal preferences of the patient, but the
complexity of the proposed models was mentioned as a disadvantage
[53].
Despite the widespread use of MCDM tools in healthcare, more re-
cently some studies advocate the use of MCDM techniques for HTA
[15,36]. For example, European Medicines Agency (EMA) proposed
MCDM as an approach to support beneﬁt-risk assessment, while the US
Institute of Medicine proposed MCDA for its vaccine prioritization
framework [32]. In 2012, the National Institute for Health and Clinical
Excellence (NICE) has consulted on the role of MCDA in HTA and, in
2014, International Society for Pharmaceconomics and Health Out-
comes (ISPOR) established an Emerging Good Practices Task Force with
the aim to provide examples of the use of MCDM in HTA [32]. In Korea
also, there were several research projects associated with assessing AHP
in the healthcare sector at a national level, in making decisions for
expanding health insurance beneﬁt packages, or priority settings for
chronic disease management, and prioritizing nursing services [32].
In HTA methodology, the multi-criteria problem is decomposed into
a hierarchical structure to evaluate the proposed technologies in dif-
ferent aspects, namely, technical and technological aspects, organiza-
tional aspects, economic aspects, legal and ethical aspects, and clinical
aspects. Subsequently, each aspect is in turn divided into further sub-
criteria. Fig. 1 reports a typical HTA structure.
The literature highlighted that this methodology is one of the most
used multi-criteria decision analysis methods and that its use has in-
creased over time, eventually reaching the global level.
The main strengths of this approach are:
• Simpliﬁcation of the decision problem;
• Opportunity to provide qualitative judgments;
• No requirement for high specialization.
On the other hand, the main limitations of the methodology are:
• Independence of sub-criteria: the problem is decomposed and there is
a constraint of independence between the elements. Such an
Fig. 1. Hierarchical decomposition of an HTA problem.
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instrument cannot be considered suitable for the modelling of
complex problems characterized by dependency between sub-cri-
teria.
• The static nature of the decision: multi-criteria decision making
methods like AHP do not oﬀer analyses of decisions in a dynamic
environment. Since some decision making problems are not static
procedures, it is necessary to adopt a method able to take into ac-
count changes and impact of medium- and long-term consequences.
Many previous studies [8,10] have discussed the innovative con-
tributions of HTAs and other management approaches to healthcare
processes [11,22,24–27,30,39,43].
In 2012, Converso et al. [9] used the project management metho-
dology to improve the quality of health services. Speciﬁcally, they ad-
dressed the problem of the optimal allocation of biomedical systems
evaluating diﬀerent issues, such as ethical, legal, social, economic,
technical, technological, and organizational issues.
In 2012, Improta et al. [[28],[31]] presented an HTA protocol for
the classiﬁcation of hospital and health facility equipment, realized by
combining the classical HTA concepts with hierarchic clustering tech-
niques in a multidisciplinary analysis of requirements, costs, logistics,
and technology-associated risks.
Several works in literature discuss the use of the AHP in combina-
tion with HTA problems [3,18,20]. These studies demonstrate the
ability of the AHP to facilitate an understanding of the criteria and
priorities that allow for a successful evaluation of hospital technologies
[14,28]. AHP methodology has been also applied for resolving issues
involved in HTA with a system dynamics approach [56]. In 2013, Im-
prota et al. [29] attempted to create a set of indicators that allows for
the monitoring of the training service oﬀered by the Biotechnology
Centre, referring to the AORN “A. Cardarelli” of Naples, and the eva-
luation of the level of user satisfaction through an AHP, which allowed
for the creation of a hierarchy of user needs. In this paper, HTA is
considered because it is a multi-disciplinary evaluation method that
leads to consistent results. In addition, there is a widespread interest
shown at the top managerial levels in solving decision problem in
context characterized by a high multitude of interconnected variables,
such as the healthcare system, as well as the need to combine medical
needs with management [40].
More recently, speciﬁc application oh AHP for HTA problems have
been studied. In 2015, Ritrovato et al. [44] illustrated a detailed new
implementation of the EUnetHTA Core Model (a framework for sharing
of HTA information) by also describing the main features of the AHP
approach in a hospital context. They explained how the integration
between AHP and the Core Model as a part of HTA process can closely
support healthcare decisions.
In 2016, Mobinizadeh et al. [38] described a pilot MCDM model for
priority setting of HTA in Iran. They combined AHP and TOPSIS (The
Technique for Order of Preference by Similarity to Ideal Solution) to
design a priority setting model. The proposed model, with nine eﬀective
criteria and their relative weights and in combination with TOPSIS
approach, proved a suitable applicability by HTA department in deputy
of curative aﬀairs and food and drug organization for determination of
research priorities in HTA.
3. Materials and methods
As previously mentioned, to overcome the limitations of the AHP
methodology, the problem was implemented through a dynamic si-
mulation model.
The simulation is allowed to generate hypothetical scenarios and
analyse operational situations that may be critical or diﬃcult to fore-
cast or manage in advance. The main advantage of simulations is that
experiments can be fully audited and the performance of all experi-
ments can be observed before implement them.
Among the various simulation techniques, this study focuses on the
simulation methodology called system dynamics, whose basis is the
development of a dynamic simulation model [2]. The strength of the
system dynamic simulation model does not lie in its ability to predict
precise state details of the system but to understand the logic with
which the relevant variables interact with each other, the role played by
each variable, the sensitivity of the system to interventions, and the
scenarios obtained by varying the criterion used for making decisions or
the time horizon [52].
The AHP algorithm remains unchanged in the calculation of weights
compared to the criterion goals and of the sub-criteria in relation to the
parent criterion to which they belong. This does not violate the prin-
ciple of linear and hierarchical structure to maintaining dependence
between the top-level criteria in that their diﬀerences are not directly
comparable and are unlikely to create a dynamic system. The system
that creates alternatives with sub-criteria, which is the hierarchical
level closer to the alternatives, is the dynamic element [56].
The main innovation of our work compared to previous studies is
the application of the HTA methodology to a dynamic system for
clinical applications. A decision problem involving companies char-
acterized by numerous interrelations between variables requires the use
of simulation techniques for its resolution. These companies must be
characterized by greater adaptability and ﬂexibility, which are essential
features in a highly dynamic business reality, such as the healthcare
system. The application of HTA to a dynamic system is completely
diﬀerent with respect to the same method applied to a static system.
Studying a dynamic system for clinical applications is an important
eﬀort to improve the quality and eﬃcacy of patient treatment for both
diagnostic and therapeutic applications because it allows us to evaluate
diﬀerent parameters that would not have been considered in other
cases.
3.1. Combination of AHP and simulation models
The HTA methodology has been implemented using the simulation.
Five simulation models were developed, each one representing a macro-
region of the decision problem of HTA according to the AHP metho-
dology. More speciﬁcally, it is possible to build a simulation model for
each criterion in the hierarchy of the dynamic system; the input of each
simulation model is a vector, whose size is equal to the number of al-
ternatives considered in the decision problem. Each row of the vector
represents an alternative/preference referred to the decision problem
and contains all the data related to the alternative itself. The main goal
of the developed simulation models is to support decisions for HTA, an
activity that is currently mainly intuitive and based on standardized
procedures in hospitals. According to the top-level criteria of the hier-
archical structure that divides the decision problem under considera-
tion (Fig. 1), we developed:
• a simulation model for technical and technological aspects;
• a simulation model for organizational aspects;
• a simulation model for economic aspects;
• a simulation model for ethical and legal aspects;
• a simulation model for clinical aspects.
The outputs of these models, whose inputs will be diﬀerent based on
the problem under examination, will be vectors containing the local
weights of the alternatives considered for each of sub-criterion. These
local vectors containing sub-criteria weights will be then normalized
and multiplied by the global vectors containing the weights for higher
level criteria (parent criteria). This will lead to the ﬁnal vector of the
decision problem.
To summarize, each criterion in the hierarchy will be simulated,
taking into consideration not only all the interdependencies between
the sub-criteria related to a same parent criterion but also their varia-
bility over time.
In this manner, HTA does not alter the decision-maker's perspective
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but it represents a valuable tool for contextualizing the choice among
the alternative solutions that we consider in the decision.
3.2. The simulation model and AHP evaluation
The simulation model was developed according to the System
Dynamics method.
In complex systems, objects interact through feedback loops, where
a change in one variable aﬀects other variables dynamically, which feed
back the original object, and so on. The interplays among objects de-
termine the diﬀerent states the system can assume in the course of time,
which is known as the dynamic behaviour of the system. Thus, System
Dynamics models essentially capture the causal relationships and
feedbacks in the system.
System Dynamics models require explicating all time dependent
relationships represented by the connecting arrows and involve a set of
coupled, non-linear diﬀerential equations of the form:
=x x pd
dt
f t( ( ), )
where:
- x(t) is a vector of levels or state variables,
- f() is a vector-valued function and
- p is a vector of parameters
Such a model is generic and reusable for multiple alternative sys-
tems. Furthermore, it can be easily extended and made to evolve into a
detailed performance measurement model.
Here, the model was created using Powersim Studio software, which
yields a graphical representation of the model. Each graphic symbol
represents a speciﬁc type of variable. Therefore, the connection be-
tween the symbols represents the logical interaction between the dif-
ferent variables of the model.
At ﬁrst, according to the AHP approach, a hierarchical decomposi-
tion of the problem has been done (Fig. 1). In general, it deﬁnes the
overall objective, the criteria to reach, sub-criteria, where the criteria
can be specialized, and so on until you get to the alternatives that
should be prioritized. The various elements are well organized in dif-
ferent levels which enjoy the dependency property: each level is de-
pendent on the upper level; the elements of a same level are in-
dependent of each other.
Then the simulation model has been developed according to the
previously deﬁned hierarchical structure. In particular, a network has
been developed considering technical, organizational, economic,
ethical/legal and clinical factors as high level criteria, each one divided
into sub-criteria, which are the state variables of the problem.
For each developed model, we ran simulations to estimate parent
criteria-related outcomes under hypothetical scenarios. Results from
simulations are used to determine decision makers’ preferences over
alternatives, which would be displayed in an exercise environment.
After determining decision makers’ preferences based on simulation
outcomes, AHP can be used to determine ranking of decision makers’
preferred strategies.
Therefore, simulation results can be analyzed according to the
principles of the AHP in order to integrate, verify and validate the
model, as brieﬂy described below:
1. Comparison in pairs between the criteria belonging to the same level: the
comparison result is a coeﬃcient aij, said dominance coeﬃcient,
which represents an estimate of the dominance of the ﬁrst element
(i) compared to the second (j). From this comparison one can de-
termine the degree of importance of an element with respect to
another, both belonging to the same level. To determine the values
of the coeﬃcients aij it is possible to use the semantic scale of Saaty.
These coeﬃcients are then used to deﬁne the matrix of pairwise






















which enjoys the following properties:
– Positive (has no element zero): aij> 0
– Aii = 1
– Mutual: aji = 1/aij
So considering the above properties it will need to ﬁll only half of
the matrix (the indicators above the main diagonal) performing [n…
(n−1)/2] assessments; indicators on the main diagonal will have a
unit value and those below the main diagonal are the reciprocal of
those above.
2. Determine the relative priorities: vector (v) elements are calculated as a
product on the row coeﬃcients:
– v1= a11*a12…*a1n
– v2= a21*a22…*a2n
Then it is possible to determine the priority (p) dividing the vector
element by the sum of them:
– p1= v1/Σvk with k=1 –n
3. Determine the local weights: multiplying then the priority for each
corresponding coeﬃcient and summing them, it is possible to de-
termine the local weights, which are normalized dividing them be
the sum of all the weights.
– W1= (p1*a11)+ (p2*a12).... + (pn*a1n)
– W1norm=W1/Σwk with k=1–n
Local weights measure the relative importance of the elements.
4. Hierarchical synthesis of weights and ﬁnal vector of the decision pro-
blem: after calculating the local weights of each criterion, we pro-
ceed with the calculation of the ﬁnal vector of the decision problem,
multiplying the sub-criterion weight by the weight of the parent
criterion.
Finally, based on the criteria weights, rank of the scenarios can be
determined, so that a speciﬁc decision vector can be obtained at each
time step of the simulation process. In this way, the static behaviour of
the conventional AHP approach is overcome and a time-varying deci-
sion making process can be implemented.
These AHP formulas are applied for every criteria and sub-criteria
and compared to the simulations results from the Powersim software
model.
As a result of the decision making process, the best scenario i.e. the
best parameter combination can be selected.
3.3. Description of the developed simulation models
In the model concerning the technical and technological aspects
(Fig. 2), the “patient demand vector” for each alternative under con-
sideration for each technology represents the input. On the other hand,
“views indicators” that represent the local weights of alternatives com-
pared to three sub-criteria represent the output. In addition, we obtain
two performance indicators, one for reliability and one for the security
technology level.
In the model concerning organisational aspects (Fig. 3), the “patient
demand vector” for each output technology of the sub-criteria indicators
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acts as the input, whereas “human resources management” and “proce-
dural complexity” represent the output.
In the economic model (Fig. 4), the “amount of investment” is the
input and the value of the three sub-criteria indicators (i.e., ﬁxed in-
vestments, variable costs and revenues) represent the output.
In the model concerning the ethical and legal aspects (Fig. 5), the
vector of the “demand for patients” was used as input and the “respect for
ethical principles”, “social principles” and “legal aspects” as output.
Finally, in the model of the clinical aspects (Fig. 6) the “carrier of the
request” represents the input and the "clinical eﬃciency”, “eﬀectiveness”
and “side eﬀects” the output.
By simulating each model, the indicators are properly calculated
once the sub-criteria are normalized by the relative weight of the al-
ternatives with respect to the criterion. Each element of the vector was
then considered as the ratio of the weight of the alternative, and the
alternative building the matrix j such comparisons to couples. Once its
properties of reciprocity, positivity and consistency have been calcu-
lated in MATLAB, the eigenvectors of these arrays represent the local
weight criteria sub-criteria.
Once these weights are multiplied for global weights with respect to
criterion goals, which can be kept static, the AHP obtains the ﬁnal
vector alternative sorting for each time step; then, a diﬀerent carrier
and a diﬀerent decision are obtained for each time step.
3.4. Case study
The proposed model is applied to a case study of the evaluation of
biological networks to treat infected incisional hernias to validate the
model and assess its eﬀectiveness.
An incisional hernia is a serious post-op complication characterized
by the dumping of viscera contents into the abdominal cavity. Parietal
biological networks based on collagen are used for the treatment of
incisional hernias and infections, particularly the complex task of re-
inforcing the wall at the site where the collapse occurred [12]. The
main biological networks used are implants derived from bovine peri-
cardium, including a sample taken from TUTOMESH, and an implant
Fig. 2. Simulation model of technical and technological aspects.
Fig. 3. Simulation model of organizational aspects.
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derived from porcine dermis, such as Permacol [13,49].
The case study was initially ﬁxed with the traditional AHP ap-
proach. The reviews have been provided by the medical staﬀ of A.O. "A.
Cardarelli." Applying the algorithm of hierarchical analysis, a ﬁnal or-
dering of the vector of two alternative results, i.e. [0.48; 0.52], where
the ﬁrst position of the vector represents the network and porcine
dermis and the second position represents the bovine pericardial net-
work: the weights show a slight preference toward the bovine peri-
cardium.
Once the AHP results are obtained, the traditional results that are
global weights of sub-criteria were multiplied by the output of the si-
mulation model, which is the local weight vectors of the alternatives
compared to sub-criteria, yielding the ﬁnal sorting of alternatives. The
chosen time horizon for the simulation is three years, and the time step
is a week.
3.5. Model validation
After the creation of the model, you must ensure that the developed
simulation model reproduces the behaviour of the real system. In par-
ticular, it is necessary to check that the measures of actual system are
well approximated by the measures generated by the simulation model.
The aim of the validation is to compare the results obtained from this
simulation model with the real data available. In our case, the model
validation was performed by evaluating whether the resolution of the
problem with the AHP methodology static coincides with the solution
proposed by the simulation model instantly at T0, which is after the ﬁrst
run. The model is validated because it has been veriﬁed that at T0, the
results of every sub-criterion indicator produced by the models corre-
spond with the results provided by the carriers of the local weights of
alternatives compared to the calculated sub-criteria with the classical
AHP methodology (Fig. 7).
4. Results
After comparing the simulation models of carriers’ global weights to
the various alternatives and adding sub-criteria, the ﬁrst few lines of
each vector are obtained as the overall weight of alternative 1, which is
Fig. 4. Economic simulation model.
Fig. 5. Simulation model of ethical and legal aspects.
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the net sum of all Permacol. The second lines of each carrier represent
the global burden of alternative 1, which is the Tutomesh network. This
calculation is performed within the variable' end sequencing vector'
alternatives (FOR (i=1…2 | Reliability [i]+ ' legal aspects' [i]+ '
'procedural Complexities [i]+ ' ﬁxed and variable costs [i]+ ' side ef-
fects' [i]+ Eﬀectiveness [i]+ ' Eﬃciency' Clinic [i]+ ' Human
Resources Management' [i]+ gross [i]+ ' Technological' Safety Level
[i] [i]+ Performance+ income [i]+ ' social' principles [i]+ ' respect
for ethical principles [i])), whose performance is shown in Fig. 8.
The graph shows how the time T0 has a slight preference for the
Tutomesh network, which is assigned a weight of 0.52; during the si-
mulation, this weight varies, becoming 0.48 by the end of the simula-
tion. In contrast, the Permacol network, with a weight of up to 0.48 at
T0, reaches a weight of 0.52 at the end of the simulation. Starting the
resolution of the problem through the AHP yields a static tilting of the
situation.
5. Conclusions
A particularly strict application was considered as a case study here,
as the system was tested on the evaluation of biomedical equipment
technology (using a target for this type of method) but for a more
complex choice of technologies related to biological prostheses that can
look highly similar to each other. However, they are then applied using
a simulation model that shows many diﬀerent aspects that an initial
analysis can overlook but which are crucial to the ﬁnal decision.
The complexity of the case study was demonstrated, especially in
terms of the diﬀerentiation between diﬀerent dynamic biomedical
systems and operating procedures.
This model was shown to be advantageous in terms of the stability
of the results (avoiding the use of calculating average trends in the si-
mulation period).
The most interesting result was the discrepancy in the result ob-
tained by the application of the AHP in a static environment.
Fig. 6. Simulation model of clinical aspects.
Fig. 7. Validation of the simulation models.
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Further advancements for the simulation model can also be con-
sidered, which will focus on connections, through the use of appro-
priate feedback, not only between diﬀerent sub-criteria belonging to a
given criterion but between all elements of the hierarchy through
analysis of a network structure typical of the ANP and a methodology
implemented by Saaty to overcome some gaps of the AHP.
The model was found to be eﬀective, having demonstrated its ability
to overturn the results of the static AHP.
However, generally the HTA is context speciﬁc. Therefore, the is-
sues addressed in this paper are related to the context under in-
vestigation. The results of this application cannot be generalized for
criterion implications. Other numerous factors (e.g., demographic
considerations) should be taken into consideration to generalize the
results. Another limitation of this methodology which aﬀects the gen-
eralization of the results is represented by the involvement of human in
the decision-making process.
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